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County, North Carolina; Jackson, MS (blacks only); the northwest suburbs of Minneapolis, MN; and Washington County, Maryland. ARIC performed a baseline examination of participants and followed them up by annual telephone contact and up to 4 re-examinations in 1990 to 1992, 1993 to 1995, 1996 to 1998, and 2011 to 2013. We conducted follow-up for clinical AAAs after baseline and ascertainment of asymptomatic AAAs by an ultrasound screen in 2011 to 2013, as shown in the study design ( Figure I in the online-only Data Supplement). We proposed this research on biomarkers and AAA in an R01 grant proposal in 2010, which was funded by the National Institutes of Health. We proposed to study these specific biomarkers and AAA a priori in an ARIC manuscript proposal in 2014.
Baseline (1987-1989) Measurements
ARIC staff drew blood after an 8-hour fasting period with minimal trauma from an antecubital vein. A central laboratory measured hemostatic variables from citrated plasma, which had been stored at −70°C for a few weeks. 4, 5 In brief, the laboratory measured fibrinogen by the thrombin-time titration method 6 with reagents and calibration materials (Fibriquik) obtained from General Diagnostics (OrganonTechnika Co); factor VII and VIII activities by determining the ability of the tested sample to correct the clotting time of human factor VII-or factor VIII-deficient plasma obtained from George King Biomedical Inc; von Willebrand factor antigen and protein C antigen with ELISA kits from American Bioproducts Co; antithrombin III activity by a chromogenic substrate method; and activated partial thromboplastin time on an automated coagulometer (Coag-A-Mate X-2, General Diagnostics). The reference material for assays was the Universal Coagulation Reference Plasma (Thromboscreen, Pacific Hemostasis, Curtin Matheson Scientific, Inc). Reliability coefficients obtained from repeated testing of individuals over several weeks were 0.72 for fibrinogen, 0.78 for factor VII, 0.86 for factor VIII, 0.68 for von Willebrand factor, 0.56 for protein C, 0.42 for antithrombin III, and 0.92 for activated partial thromboplastin time. 7 Laboratories in each study community measured white blood cell (WBC) count with Coulter counters. A central laboratory measured plasma total cholesterol 8 by enzymatic methods and calculated lowdensity lipoprotein cholesterol. 9 The laboratory measured high-density lipoprotein cholesterol after dextran-magnesium precipitation of non-high-density lipoprotein lipoproteins. 10 ARIC defined prevalent diabetes mellitus as a fasting glucose level ≥126 mg/dL, nonfasting glucose level ≥200 mg/dL, a history of diabetes mellitus, or treatment for diabetes mellitus.
ARIC staff measured weight and height with participants in scrub suits. Staff took 3 blood pressure measures with a random-zero sphygmomanometer, and we averaged the last 2 measurements for analysis. ARIC collected information about use of anticoagulants from the medication bottles brought to the visit.
Additional Biomarkers From 1993 to 1995 and 1996 to 1998
Using fasting citrate plasma that had been collected at visit 3 (1993-1995) and stored unthawed at −70°C until analysis in 2014, ARIC measured D-dimer concentrations via an immunoturbidimetric assay (Liatest D-DI, Diagnostica Stago, Parsippany, NJ) on the Evolution analyzer (Diagnostica Stago, Parsippany, NJ). The normal reference range is 0.22 to 4.0 μg/mL, with expected normal values <0.4 μg/mL. Blind analysis of 73 pairs of ARIC samples split at the time of blood draw and stored until 2014 yielded an intraclass reliability coefficient of 0.92.
Using EDTA plasma samples stored at −70°C at visit 4 (1996-1998), ARIC measured cardiac troponin T (cTnT), N-terminal probrain natriuretic peptide (NT-proBNP), and high-sensitivity C-reactive protein (CRP). The laboratory measured cTnT on a Cobas e411 analyzer using the Elecsys Troponin T immunoassay (Roche Diagnostics, Indianapolis, IN). The limit of measurement is 3 ng/L. The reliability coefficient for blinded quality control replicate measurements (n=418 pairs) of cTnT from single blood draws was 0.98. The ARIC laboratory measured plasma NT-proBNP on a Cobas e411 analyzer using the Elecys proBNP II immunoassay (Roche Diagnostics). The measuring range of the assay is 5 to 35 000 pg/mL. The reliability coefficient for blinded replicate measurements was 0.99 (n=418 pairs). ARIC measured CRP by the immunoturbidimetric CRP-Latex (II) high-sensitivity assay from Denka Seiken (Tokyo, Japan) using a Hitachi 911 analyzer (Roche Diagnostics). The reliability coefficient for blinded replicate measurements was 0.99 (n=55 pairs).
Ascertainment of AAA
At the baseline examination in 1987-89, ARIC did not query the 45-to 64-year-old participants about AAA history but asked extensively about any prior arterial surgery. For this analysis of incident AAA, we excluded participants reporting prior AAA surgery or aortic angioplasty.
ARIC identified incident AAAs by several strategies. In the annual telephone calls with ARIC participants, interviewers asked about any interim hospitalizations and identified deaths, and these records were sought. ARIC also conducted surveillance of local hospitals to identify additional hospitalizations or deaths. In addition, ARIC linked participant identifiers with fee-for-service Medicare data from the Centers for Medicare and Medicaid Services for 1991 to 2011 to find any missing hospital or outpatient events for those >65 years of age. We identified clinical AAAs as those with a hospital discharge diagnosis from any source or 2 Medicare outpatient claims that occurred at least 1 week apart, with To identify additional asymptomatic AAAs in the surviving ARIC cohort in 2011 to 2013, we performed a screening abdominal ultrasound in the fifth ARIC examination. A physician and a technician specializing in vascular imaging centrally trained experienced cardiac ultrasonographers from each ARIC site in abdominal scanning. After certification, the sonographers obtained aortic images with a Philips iE33 high-resolution duplex scanner using a Philips C5-1 transducer (Philips Healthcare, Bothell, WA). They recorded images of anterior-posterior and transverse diameters at the proximal aorta just below the superior mesenteric artery, the proximal infrarenal aorta 2 cm below the renal arteries, the distal infrarenal aorta 1 cm above the bifurcation, and the point of maximal infrarenal aortic diameter. They also recorded a longitudinal view of the infrarenal aorta. To identify all AAAs ≥3 cm, vascular imaging physicians reviewed any image that the sonographers judged had > 2.8 cm maximal infrarenal diameter or probable pathology, plus a 5% random sample of the rest. Of the 10 036 ARIC participants still alive through August 2013, 6538 (65%) had a home or clinic ARIC examination, and of these, 5911 (59%) had usable abdominal ultrasonograms.
Data Analysis
The majority of measured biomarkers were from ARIC baseline, so we describe the analysis from baseline. For markers measured at later ARIC visits, we performed an analogous analysis using covariates and exclusions for that visit. We used SAS version 9.3 (SAS Institute, Inc, Cary, NC) for analyses.
From the 15 792 ARIC participants, we excluded at baseline the few participants who were not white or black or were black in Minneapolis or Washington County (n=103), were taking anticoagulants (n=89), had prior AAA surgery (n=10), or had all biomarkers missing (n=151). We also excluded those whose follow-up AAA status was uncertain (n=28), leaving 15 411 at risk of AAA. We calculated length of follow-up as the time elapsed from the baseline examination to the first clinical AAA event, date of death, or date of last contact (if lost) or through December 31, 2011. We first explored the association between each biomarker and incident AAA via cubicspline graphs (not shown here). Ultimately, we grouped biomarkers by guest on July 26, 2017 http://circ.ahajournals.org/ Downloaded from into quartiles based on their overall distributions. We computed incidence rates of clinical AAA within quartiles and adjusted for age, race, and sex (model 1) using Poisson regression models.
We performed multivariate modeling to obtain hazard ratios of incident clinical AAA in relation to biomarker quartiles using Cox proportional hazards regression. We tested for trend in hazard ratios across quartiles using an ordinal variable designating each quartile. We adjusted in model 2 for clinical AAA risk factors: age, sex, race (black, white), ARIC field center, total cholesterol, high-density lipoprotein cholesterol, use of lipid medication (yes, no), systolic blood pressure, antihypertensive medication use (yes, no), diabetes mellitus (yes, no), pack-years of cigarettes smoked, height, and weight. For this model, we tested whether the proportional hazards assumption held for the 6 main biomarkers using interaction terms with the logarithm of follow-up time; the assumption held for all but a minor violation for D-dimer. Because sex and smoking status (ever, never) are key AAA risk factors, we also performed subgroup analyses stratified by these variables and tested for multiplicative interactions by including cross-product terms in the models. Finally, we created a multiple biomarker score by summing the number of biomarkers that were in the highest quartile.
We used the ultrasound-detected new AAAs from ARIC visit 5 in 2011 to 2013 to verify our main findings on risk factors for incident clinical AAAs. From 5911 ARIC participants with usable ultrasounds, we excluded participants who were not white or black (n=39), users of anticoagulants (n varied by visit the biomarker was measured), those with a clinical AAA before visit 5 (n=100), and those with no prior biomarkers measured (n=7). Depending on the biomarker, the analyses included 5183 to 5707 participants, in whom we identified 64 to 74 asymptomatic AAAs. To adjust for the potential selection bias caused by differential participation in the 2011 to 2013 examination, we used inverse probability of attrition weighting, as previously described. 11 Briefly, for each participant, we calculated weights based on the product of the probability of being alive at visit 5 and the probability of having an abdominal ultrasound conditional on being alive given covariates measured at baseline (sex, race, age, education, diabetes mellitus, hypertension, prevalent coronary heart disease, prevalent peripheral artery disease, prevalent heart failure, prevalent stroke, study site, smoking status, pack-years, physical activity, body mass index, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, total cholesterol, blood glucose, height, alcohol intake, WBC count, fibrinogen) and during follow-up (incident myocardial infarction, heart failure, or stroke). We obtained odds ratios and 95% confidence intervals from inverse probability of attrition-weighted general estimating equation models using a logit link and robust standard errors, 11 which incorporated the added uncertainty of the weights in this analysis.
Results

Descriptive Data
At baseline in 1987 to 1989, the 15 411 ARIC participants at risk of developing AAA were 45 to 64 years old; 45% were men, 74% were white, 12% had diabetes mellitus, 25% used antihypertensive medication, and 58% had ever smoked. Other participant characteristics at baseline and biomarker concentrations at the ARIC visits are shown in Table I in the online-only Data Supplement. From baseline through 2011, over a median of 22.5 years of follow-up, we identified 587 clinical AAAs.
Association of Individual Biomarkers With Clinical AAA
As shown in Table 1 , after adjustment for age, race, and sex (model 1), baseline fibrinogen and WBC count were strongly associated positively with incident clinical AAA, with hazard ratios ≈3-fold higher in the highest versus lowest quartiles. With further adjustment for other AAA risk factors (model 2), the AAA associations with fibrinogen and WBC count remained strong. In sex-specific analyses (involving 418 AAAs in men and 165 in women), the model 2 trends remained highly significant (P for trend <0.005) for WBC (Figure 1) , and the hazard ratios of AAA for the highest quartiles were similar in both men and women. In smoking-specific analyses (involving 506 AAAs in ever smokers and 71 in never smokers; Figure 2 ), the fibrinogen association with AAA was significant for ever smokers and nearly so for never smokers. The association of WBC count with AAA was present for ever smokers and not for never smokers (P for interaction=0.07).
The associations of AAA incidence with baseline factor VII, factor VIII, von Willebrand factor, protein C, antithrombin III, and activated partial thromboplastin time were nonexistent or weak (Table II in the online-only Data Supplement).
Among 12 887 participants at ARIC visit 3, 12 271 were at risk and had D-dimer data. We identified 431 AAAs over a median of 16.8 years of follow-up. D-dimer was positively associated with incident AAA, with hazard ratios >3.7 for the highest versus lowest quartiles ( Table 2 ). The D-dimer associations with AAA were similar (P for interaction >0.05) by sex ( Figure 1 ) and for ever smokers and never smokers ( Figure 2 ).
Among 11 656 participants at ARIC visit 4, 10 964 were at risk for AAA and had biomarkers measured. We identified 362 AAAs over a median of 13.9 years of follow-up. CRP, cTnT, and NT-proBNP were all positively associated with incident AAA in both models 1 and 2, with hazard ratios ≈2-fold higher for the highest versus lowest quartiles ( Table 3) . As shown in Figures 1 and 2 , the associations were similar for men and women and for ever smokers and never smokers (all P for interaction >0.20), even though Figure 2 clearly shows that CRP was not associated with AAA in never smokers (and the lack of a significant CRP by smoking interaction was likely attributable to low precision because only 51 AAAs occurred in never smokers after visit 4).
Association of Multiple Biomarker Score With Clinical AAA
Using the 6 biomarkers strongly associated with AAA (WBC count, fibrinogen, D-dimer, cTnT, NT-proBNP, and CRP), we created a score (range, 0-6) that summed for each participant the number of biomarkers in the highest quartile. After we excluded those with any missing biomarkers, those with AAA before visit 4, those using anticoagulants, and those with any missing model 2 covariates at visit 4, there were 8876 visit 4 participants at risk of AAA. After visit 4, we identified 285 incident AAA events. As shown in Figure 3 , there was a nearly 10-fold gradient in AAA incidence across categories of the biomarker score; model 2 hazard ratios were 1, 2.2, 3.3, 4.0, and 9.9 for having 0, 1, 2, 3, and 4 to 6 elevated biomarkers, respectively (P for trend <0.0001). The number of elevated biomarkers remained strongly associated with AAA incidence in a graded manner when we repeated this analysis excluding participants who had an ARIC medical history of myocardial infarction, stroke, or heart failure (hazard ratios, 1, 2.2, 3.3, 3.8, and 9.9; P for trend <0.0001).
Association of Biomarkers With Ultrasound AAAs
Using ultrasound screening among ARIC visit 5 participants with no history of clinical AAA by 2011 to 2013, we identified only 64 to 74 additional AAAs, depending on the biomarker being considered (Table 4) . WBC count and fibrinogen were strongly positively associated with 
Discussion
This population-based study found strong positive associations of clinical AAA incidence with circulating biomarkers of inflammation (CRP, WBC count, fibrinogen), thrombin generation (D-dimer), increased cardiac pressure and vascular stiffness (NT-proBNP), 12, 13 and cardiac injury (cTnT). These associations were independent of other major AAA risk factors and were mostly similar for men and women and for ever smokers and never smokers. The relation of AAA risk across quartiles of the significant biomarkers tended to be "graded," and this was confirmed by cubic-spline plots. Moreover, the Because of missing data, counts of participants and AAA events shown are somewhat less than the maximum of 362 AAA events among 10 964 at risk and are for model 1. These vary slightly among biomarkers and were ≈12% fewer in model 2. AAA indicates abdominal aortic aneurysm; ARIC, Atherosclerosis Risk in Communities; CRP, C-reactive protein; cTnT, cardiac troponin T; HR, hazard ratio; and NT-proBNP, N-terminal pro-brain natriuretic peptide.
*Incidence rate per 1000 person-years. †Adjusted for age, sex, and race. ‡Adjusted for age, sex, race/center, height, weight, smoking pack years, diabetes mellitus, systolic blood pressure, blood pressure medications, total cholesterol, high-density lipoprotein cholesterol, and lipid medications. elevated AAA risk for the highest quartiles was generally at levels well below clinically relevant cut points for WBC count, D-dimer, NT-proBNP, and cTnT. The more markers a person had in the highest quartile, the greater the AAA risk was; participants with 4 to 6 biomarkers elevated had a nearly 10-fold higher risk than those with no biomarkers elevated. The fact that our study was prospective with long follow-up suggests that circulating biomarkers are indicative of patients at high AAA risk well before the clinical recognition of AAA.
We also confirmed that WBC count and fibrinogen were risk markers for subclinical AAA detected by ultrasound, whereas D-dimer, cTnT, NT-proBNP, and CRP were not. However, this analysis involving ≤74 AAAs had limited power.
The observed associations offer support for multiple pathways in the origin of AAA. Previous studies, mostly cross-sectional, have found similar positive associations of AAA with circulating levels of CRP, fibrinogen, and other inflammatory markers like interleukin-6.
2 Moreover, a candidate gene study linked a CRP polymorphism with AAA, 14 and a Mendelian randomization study implicated interleukin-6 pathways in AAA. 15 These genetic studies, coupled with pathological evidence, 1 support a causal role of inflammation in AAA development. Our observation, in line with that of Iribarren et al 16 that higher WBC count is associated with greater AAA incidence, is also consistent with a role of inflammation in AAA origin. AAA indicates abdominal aortic aneurysm; ARIC, Atherosclerosis Risk in Communities; CI, confidence interval; CRP, C-reactive protein; cTnT, cardiac troponin T; NT-proBNP, N-terminal pro-brain natriuretic peptide; OR, odds ratio; and WBC, white blood cell.
*Each biomarker considered separately, adjusted for age, sex, race, and smoking pack-years. See Tables 1 through 3 for quartile cut points. Participants with clinically recognized AAA before visit 5 were excluded. Intraluminal thrombus is often present in AAAs, suggesting that increased thrombogenic factors may also play an etiologic role. We found that the thrombosis marker D-dimer was associated positively with AAA incidence, consistent with several cross-sectional studies. 2 Thus, asymptomatic adults with higher-than-average D-dimer levels, possibly reflecting microthrombi, appear to be at increased risk of subsequent AAA. Other hemostatic markers associated with atherosclerotic or venous thrombotic events in ARIC [17] [18] [19] [20] showed little association with AAA.
Our most novel findings were the strong positive associations of AAA with NT-proBNP, a marker of increased cardiac filling pressure and vascular resistance, 12, 13 and with cTnT, a marker of myocardial injury. A previous cross-sectional study reported that NT-proBNP was correlated positively with aortic diameters in women. 21 In the general ARIC population, the positive association between NT-proBNP and AAA probably reflects a role for increased systemic vascular resistance in AAA and a secondary rise in cardiac biomarkers. In any case, adults with greater NT-proBNP and cTnT levels are seemingly at increased risk of AAA as part of their generally high risk of other cardiovascular diseases. 22, 23 Most associations between biomarkers and AAA (except for WBC count and CRP) were qualitatively similar for ever smokers and never smokers, although often not quite statistically significant for never smokers owing to few AAAs among them. Because smoking is such a strong risk factor for AAA, it is difficult to control for its confounding effect by regression modeling. Demonstration of positive associations between some biomarkers and AAA in never smokers makes the observed associations more believable. However, the absence of an association of AAA in never smokers with 2 strong markers of inflammation (WBC count and CRP) suggests that residual confounding by smoking still may affect our results.
Our study was large and population based, but its assessment of clinical AAAs was limited to hospital and death ICD codes. Although we do not have direct evidence of the validity of ICD codes for AAA, the AAA codes seem quite specific, yet are likely insensitive for capturing events. We tried to enhance the validity of our AAA outcome by excluding aortic aneurysms coded to uncertain sites because they may not have been abdominal. The ICD codes we used should include symptomatic AAAs but also include some asymptomatic AAAs in the category "AAA without mention of rupture." In the absence of a physical or radiological screen for AAA, using ICD codes could miss some asymptomatic AAAs. We could not perform routine AAA screening throughout ARIC follow-up, but we were able to do a single ultrasound screening in ≈60% of living ARIC participants in 2011 to 2013. Relatively few silent AAAs were detected in 2011 to 2013, but this would not address asymptomatic AAAs missed in those who had died or were not screened. In general, any misclassification of AAA status is likely to be unrelated to biomarker levels and therefore would lead to our hazard ratio estimates being underestimates.
Although our study had many strengths, its drawbacks warrant consideration. First, the circulating biomarkers were measured just once. Some were measured soon after the baseline ARIC visit; others were measured on stored plasma samples at later examinations. Any biological variability or change over time in the biomarkers most likely would attenuate the reported hazard ratios. Second, although we adjusted for several other major AAA risk factors, the observed associations may still experience residual confounding. In particular, we could not consider markers of extracellular matrix (eg, procollagen) or its degradation (eg, elastase or matrix metalloproteinases), and by not accounting for these, we may have overestimated our hazard ratios. We have plans to measure several of these markers in an ARIC nested case-control study. Third, although we excluded the few ARIC participants with AAA repair before baseline, without baseline ultrasound screening, it is likely that some participants with prevalent AAAs remained in the at-risk cohort. However, given the original 45-to 64-year ARIC age span, the number of prevalent AAAs should have been low. Fourth, given just 1 ultrasound assessment at ARIC visit 5, we could not directly assess whether these biomarkers predict progression from mild aortic dilation to frank AAA. Thus, despite documenting prospectively that higher circulating biomarkers are associated with increased AAA incidence, our study does not establish a cause-effect relation or the clinical utility of measuring these biomarkers for AAA prediction.
Conclusions
This prospective study found that higher concentrations of CRP, WBC count, fibrinogen, D-dimer, cTnT, and NT-proBNP were associated with increased risk of AAA. The more markers that fell into the highest quartile, the higher the AAA risk was. Multiple positive biomarkers identify a subgroup of patients at high risk of AAA.
